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ABSTRACT

	

The osci l l at i ons of chr omosomes associ at ed wi t h a si ngl e spi ndl e pol e i n monocen-

t r i c and bi pol ar spi ndl es wer e anal ysed by t i me- l apse ci nemat ogr aphy i n mi t osi s of pr i mar y

cul t ur es of l ung epi t hel i um f r om t he newt Tar i cha gr anul osa . Chr omosomes osci l l at e t owar d

and away f r om t he pol e i n al l st ages of mi t osi s i ncl udi ng anaphase . The dur at i on, vel oci t y, and

ampl i t ude of such osci l l at i ons ar e t he same i n al l st ages of mi t osi s . The movement away f r om

t he pol e i n monocent r i c spi ndl e i s r api d enough t o suggest t he exi st ence of a pr evi ousl y

unr ecogni zed act i ve component i n chr omosome movement , pr esumabl y r esul t i ng f r om a

pushi ng act i on of t he ki net ochor e f i ber . Dur i ng pr omet aphase osci l l at i ons, chr omosomes may

appr oach t he pol e even mor e cl osel y t han at t he end of anaphase . Toget her , t hese obser vat i ons

demonst r at e t hat a monopol ar spi ndl e i s suf f i ci ent t o gener at e t he f or ces f or chr omosome

t r anspor t , bot h t owar d and away f r om t he pol e .

The coor di nat i on of t he ast er / cent r osome mi gr at i on i n pr ophase wi t h t he devel opment of

t he ki net ochor e f i ber s det er mi nes t he cour se of mi t osi s . Af t er t he br eaki ng of t he nucl ear

envel ope i n nor mal mi t osi s, ast er / cent r osome separ at i on i s nor mal l y f ol l owed by t he r api d

f or mat i on of bi pol ar chr omosomal f i ber s . Ther e ar e t wo aber r ant ext r emes t hat may r esul t f r om

a f ai l ur e i n coor di nat i on bet ween t hese pr ocesses : ( a) A monocent r i c spi ndl e wi l l ar i se when

ast er separ at i on does not occur , and ( b) an anaphasel i ke pr omet aphase wi l l r esul t i f t he ast er /

cent r osomal compl exes ar e al r eady wel l - separ at ed and bi pol ar chr omosomal f i ber s do not

f or m. I n t he l at t er case, t he t wo monopol ar pr omet aphase hal f - spi ndl es mi gr at e apar t , each

cont ai ni ng a r andom number of t wo chr omat i d ( met aphase) monopol ar - or i ent ed chr omo-

somes . Thi s r andom segr egat i on of pr omet aphase chr omosomes di spl ays many f eat ur es of a

st andar d anaphase and may be f ol l owed by a f al se cl eavage . The pr ocess of pol ar separ at i on

dur i ng pr omet aphase occur s wi t hout any vi si bl e i nt er zonal st r uct ur es . Ast er / cent r osomes and

monopol ar spi ndl es mi gr at e aut onomousl y by an unknown mechani sm. Ther e ar e, however ,

f i r m but t r ansi t or y connect i ons bet ween t he ast er cent er and t he ki net ochor es as demonst r at ed

by t he occasi onal synchr ony of cent r osome- ki net ochor e movement . The dat a suggest t hat ast er

mot i l i t y i s i mpor t ant i n t he pr ogr ess of bot h pr omet aphase and anaphase i n nor mal mi t osi s .

The bi pol ar mi t ot i c appar at us nor mal l y pr ovi des t he st r uct ur al

basi s f or equal chr omosome segr egat i on . The obser vat i ons

r epor t ed her e demonst r at e, however , t hat a bi pol ar spi ndl e i s

not necessar y ei t her f or chr omosome- t o- pol e movement or f or

pol ar mi gr at i on. Thus, a monopol ar spi ndl e or " hal f - spi ndl e"

appear s t o be t he basi c f unct i onal uni t of mi t osi s .

I n a st andar d bi pol ar mi t ot i c spi ndl e, t wo essent i al st eps

assur e pr eci se segr egat i on of t he genet i c mat er i al . I n t he f i r st ,

doubl e- chr omat i d chr omosomes ar e bi pol ar or i ent ed; i n t he

second, t hey ar e al i gned i n an equat or i al , met aphase posi t i on .

Thus, t he si st er ki net ochor es come t o poi nt t owar d t wo opposi t e
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pol es . Af t er chr omosome spl i t t i ng i n t he ki net ochor e r egi on at

t he st ar t of anaphase, si st er chr omosomes mi gr at e i n opposi t e

di r ect i ons . Fai l ur e t o f ol l ow t hese st eps may l ead t o mal f unc-

t i ons i n t he pr ocess of mi t ot i c segr egat i on . For exampl e, per -

si st ent monopol ar chr omosomal or i ent at i on and/ or t he f ai l ur e

t o f or m a bi pol ar spi ndl e r esul t s i n monocent r i c di vi si on . The

r andom pr emat ur e di st r i but i on of chr omosomes i n pr omet a-

phase, when t hey st i l l have doubl e- chr omat i d st r uct ur e, l eads

t o anaphasel i ke pr omet aphase ( 9) .

Monocent r i c di vi si ons, occur r i ng ei t her nat ur al l y or as t he

r esul t of exper i ment al mani pul at i on, have been deEcr í bed i n
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var i ous gr oups of or gani sms . Fankhauser ( 19) st udi ed mono-
cent r i c spi ndl es af t er pol ysper mi c f er t i l i zat i on i n t he newt .
Met z ( 34, 35) obser ved t hemdur i ng sper mat ogenesi s of t he f l y
Sci ar a, Scot t ( 54) i dent i f i ed t hemi n paedogenet i c r epr oduct i on
i n t he beet l e Mi cr omal t hus, and Fux ( 20) and Camenzi nd and
Fux ( 17) descr i bed t hem i n t he gal l mi dge Mycophi l a . The
monocent r i c spi ndl e i s a common r esul t of a var i et y of exper -
i ment al t r eat ment s such as l ow t emper at ur e ( 43) or col chi ci ne
( 11) , especi al l y i n t i ssue cul t ur e cel l s ( 18) and i n t he eggs of
mar i ne ani mal s ( 31, 33, 40, 57) .

Anaphasel i ke pr omet aphase, unl i ke monocent r i c di vi si on, i s
a l i t t l e- known phenomenon, al t hough i t was r epor t ed i n cancer
cel l s by Gal eot t i i n 1893 ( ci t ed i n r ef er ence 60) . Pet er s ( Fi g. 18
of r ef er ence 41) shows a t ypi cal anaphasel i ke pr omet aphase
chr omosome ar r angement i n cor nea cel l s of Tr i t ur us r ecover i ng
f r omcol chi ci ne t r eat ment but makes a f ewcomment s concer n-
i ng t hi s conf i gur at i on; Zi r kl e ( p. 536 of r ef er ence 64) ment i ons
si x ( not anal yzed) t i me- l apse r ecor ds of such di vi si on i n newt
hear t f i br obl ast s . The chr omosome di st r i but i on, t he st r uct ur e
of ast er s, and t he f al se i nt er zone t hat occur dur i ng t hi s pr ocess
have been st udi ed i n a t et r apl oi d l i ne of Pt K2 cel l s wher e t he
pr ocess was compar ed t o a r andomf i r st mei ot i c di vi si on ( 15) .
I n t he pr esent st udy, cer t ai n aspect s of monocent r i c di vi si on
and anaphasel i ke pr omet aphase ar e anal yzed t o pr omot e an
under st andi ng bot h of t he or i gi n of t hese t wo phenomena i n
di pl oi d newt cel l s and of t he condi t i ons r equi r ed f or t r ansf or -
mat i on of a monocent r i c spi ndl e i nt o a bi pol ar conf i gur at i on.
I t appear s t hat t he maj or f act or i n t hese mal f unct i ons i s an
unexpl ai ned t endency t owar ds t he l ong- di st ance mi gr at i on ( 7,
9) of ast er / cent r osomal compl exes . Fi g . 1 summar i zes t he
obser ved r el at i ons bet ween t he mal f unct i ons t hat may occur
spont aneousl y i n unt r eat ed cel l s i n t i ssue cul t ur e.

Chr omosome osci l l at i ons i n anaphase, al t hough pr evi ousl y
obser ved ( 14) , have dr awn l i t t l e at t ent i on i n t he l i t er at ur e ( 45) .
Thi s r epor t i s t he f i r st i n whi ch t he osci l l at i ons of monopol ar
or i ent ed chr omosomes i n monocent r i c di vi si on ar e anal yzed i n
det ai l and compar ed t o si mi l ar osci l l at i ons t hat occur i n st and-
ar d bi pol ar anaphase . The pat t er n of chr omosome mi gr at i ons
i n pr omet aphase monopol ar spi ndl es and t he chr omosome
osci l l at i ons t hat occur dur i ng anaphase ar e ver y si mi l ar . Thi s
suggest s t hat chr omosome mi gr at i on i n al l st ages of mi t osi s
may not be uni di r ect i onal but may occur i n an osci l l at or y
f ashi on. The mi t ot i c mechani smr emai ns unknown, but i t may
i nvol ve an " osci l l at i ng" syst em capabl e of t r anspor t i ng mat er i al
i n t wo opposi t e di r ect i ons wi t hi n t he same spat i al domai n i n
qui ck successi on. Thi s f eat ur e of mi t osi s i n t he newt may t ur n
out t o be a si gni f i cant aspect of a gener al mi t ot i c mechani sm.

The pr esent anal ysi s pr ovi des convi nci ng evi dence bot h of
pushi ng by chr omosomal and/ or ast r al f i ber s i n l i vi ng cel l s
and of l at er al i nt er act i ons bet ween nei ghbor i ng chr omosome
f i ber s. These obser vat i ons on t he mi gr at i on of monocent r i c
spi ndl e l ead t o r eeval uat i on of t he concept of t he cent r al
spi ndl e ( 32) . The cent r al spi ndl e pr esent i n numer ous l ower
or gani sms ( 21, 26, 58) may not have a homol ogous count er par t
i n t he ast r al mi t osi s of hi gher or gani sms .

Ter mi nol ogy

Some of t he phenomenon descr i bed her e ar e known i n t he
l i t er at ur e by di f f er ent names, or el se t he publ i shed nomencl a-
t ur e i s not used consi st ent l y . Ther ef or e, t he l ess f ami l i ar t er ms
and t hose wi t h subt l e di st i nct i ons ar e di scussed bel ow.

ANAPHASELI KE PROMETAPHASE VS. FALSE ANAPHASE:

Anaphasel i ke pr omet aphase ( 9) i s t he r andom, usual l y t r ansi -
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anaphase

FI GURE 1

	

Mi gr at i on of cent r osomes wi t h ast er s and devel opment

of t he spi ndl e. Ar r ows show possi bl e modi f i cat i ons and t r ansf or -

mat i ons of t he spi ndl e dur i ng t he cour se of mi t osi s i n t he newt

epi t hel i um. A, St andar d cour se of mi t osi s . Ext r eme cases ar e mon-

opol ar spi ndl e ( 8) , st ar conf i gur at i on ( C) , and anaphasel i ke pr o-

met aphase ( D) . 8- D r esul t f r om ei t her t he del ay of cent r osome

separ at i on or t he di ssoci at i on f r om t he spi ndl e of one ast er wi t hout

any chr omosome . Anaphasel i ke pr omet aphase r esul t s f r om t he f ai l -

ur e of f or mat i on of bi pol ar ki net ochor e f i ber s and pr ecoci ous mi -

gr at i on of ast er s . These mal f unct i ons t end t o be cor r ect ed dur i ng a

consi der abl y pr ol onged ( l ong ar r ows) pr omet aphase, whi ch i s not

al ways f ul l y successf ul and may r esul t i n t he f or mat i on of a mul t i -

pol ar spi ndl e . Thus, pr omet aphase- met aphase i s a pr er equi si t e f or

bi pol ar ( mul t i pol ar ) chr omosome di st r i but i on . I f t hese mal f unct i ons

ar e not cor r ect ed, t hen f al se cl eavage occur s ( cyt oki nesi s di vi des

pr omet aphase chr omosomes i nt o t wo set s of ar bi t r ar y si ze) or a

r est i t ut i on nucl eus ( 4n) i s f or med .

t or y segr egat i on of a di pl oi d or mul t i pl oi d chr omosome set
shor t l y af t er t he br eaki ng of t he nucl ear envel ope . I t i s not
pr eceded by f or mat i on of t he met aphase pl at e. Chr omosomes
st i f f cont ai n t wo chr omat i ds, not si ngl e chr omat i ds as i n nor mal
anaphase . The r egi on bet ween separ at i ng doubl e- chr omat i d
chr omosome gr oups i s cal l ed " f al se i nt er zone . " Anaphasel i ke
pr omet aphase has been cal l ed a mei osi sl i ke di vi si on or " f al se
anaphase" by Br enner et al . ( p . 374 of r ef er ence 15) .

" Fal se anaphase" as def i ned by Zi r kl e ( 64) i s, however , a
di f f er ent t ype of mi t ot i c di st ur bance. I t occur s af t er a pr ol onged
met aphase wi t h what i s pr obabl y a ver y shor t , bi pol ar spi ndl e .
The met aphase chr omosomes ar e di st r i but ed r andoml y, of t en
as " r oset t es" i n st ar conf i gur at i ons . Fal se anaphase i s t he
t er mi nal st age of an aber r ant mi t osi s ; i t al so has been obser ved
i n newt epi t hel i al cul t ur es ( A. S. Baj er et al . , unpubl i shed
obser vat i ons) . Anaphasel i ke pr omet aphase i s not a f i nal st age



of mi t osi s and f or mat i on of a met aphase pl at e and a st andar d

anaphase may f ol l ow.

MONOCENTRI C VS. MONOPOLAR SPI NDLES :

	

A mono-

cent r i c spi ndl e i s a st r uct ur e, not necessar i l y spi ndl e- shaped, i n

whi ch t he chr omosomes ar e f unct i onal l y connect ed t o a si ngl e

pol e . Thi s t er m r ef er s ei t her t o a monopol ar spi ndl e, whi ch i s

a si ngl e cone and not a spi ndl e- shaped st r uct ur e, or t o a st ar

conf i gur at i on . I n a st ar conf i gur at i on, t he chr omosomes ar e

ar r anged i n a ci r cl e ( i n f l at cel l s) or a spher e ( i n r ound ones) .

St ar conf i gur at i ons cor r espond t o cer t ai n t ypes of monast er s,

a t er m not used her e . A monocent r i c spi ndl e l eads t o an

abor t i ve, monocent r i c mi t osi s and a 4n r est i t ut i on nucl eus .

MONOPOLAR VS . BI POLAR ORI ENTATI ON AND CEN-

TROPHI LI C CHROMOSOMES: Mi t ot i c chr omosomes t hat ar e

f unct i onal l y connect ed t o a si ngl e pol e ar e sai d t o be monopol ar

or i ent ed ; t hose connect ed t o t wo pol es ar e cal l ed bi pol ar or i -

ent ed. I n t he pr omet aphase bi pol ar spi ndl e t he t er m cent r o-

phi l i c ( 59, 63) r ef er s t o chr omosomes t hat associ at e wi t h a

si ngl e pol e r at her t han mi gr at i ng t o t he spi ndl e equat or . The

t er m wi l l be used her e i nt er changeabl y wi t h monopol ar - or i -

ent ed chr omosomes, because cent r ophi l i c chr omosomes have

ei t her one or t wo si st er ki net ochor es connect ed t o a si ngl e pol e

( 38) unt i l r eor i ent at i on . I n t he f or mer case, one of t he ki net o-

chor es i s l acki ng ki net ochor e f i ber ( 9 ; J . Mol 6- Baj er and A. S.

Baj er , manuscr i pt submi t t ed f or publ i cat i on) .

MATERI ALS AND METHODS

Pr i mar y cul t ur es of t he l ung epi t hel i um of t he Or egon newt ( Tar i cha gr anul osa,

gr anul osa, wi t h 2n = 22) wer e used . Monol ayer pr i mar y cul t ur es wer e gr own i n

modi f i ed ( 49) Rose chamber s ( 47) i n Li ebowi t z' ( 28) L- 15 medi um at pH 7. 25 .

The met hods wer e descr i bed pr evi ousl y ( 9, 45) . Obser vat i ons wer e made at 21 ° -

22° C, al t hough no di f f er ences wer e f ound i n cul t ur es gr own at 26° C. Tabl e I

gi ves t he t ypi cal di st r i but i on of t he mi t ot i c st ages and di st ur bances st udi ed i n

t hese cul t ur es .

Ti me- l apse r ecor di ng was done wi t h a phase ( 32x Lei t z) obj ect i ve, N. A . 0 . 40,

combi ned wi t h a Rei cher t anopt r al condenser and Wi l d phot ogr aphi c eyepi eces

( 5x, 6x, and 8x) . Numer ous cel l s wer e al so r ecor ded wi t h DI CNomar ski opt i cs

( Zei ss) and a pol ar i zi ng mi cr oscope wi t h Ni kon r ect i f i ed opt i cs . Bot h t hese

syst ems, however , r equi r e di sassembl y of t he Rose chamber s whi ch of t en r esul t s

i n t he cel l s r oundi ng up. Most of t he r ecor ds anal yzed ar e of cel l s phot ogr aphed

wi t h phase cont r ast i n Rose chamber s i n t hei r undi st ur bed gr owt h envi r onment .

Recor di ng was done on Kodak 16- mi n negat i ve f i l m Techni cal Pan 2415 ( AH

Est ar base) , pr ocessed i n Kodak devel oper HC- 110 . Al l f i l ms wer e t aken wi t h an

Ar r i f l ex 16- mmcamer a equi pped wi t h a r egi st er pi n, assur i ng t he pr eci se al i gn-

ment of consecut i ve f r ames . L- Wpr oj ect or s ( Mar k V and At hena 224- B; L- W

I nt er nat i onal , Woodl and Hi l l s, CA) wer e used ei t her al one or i n conj unct i on wi t h

a char t r ecor der f or f i l m anal ysi s . Pr oj ect i on at I f r ame/ s ont o a char t r ecor der

wi t h paper t r anspor t ( 12 . 5 cm/ mi n) per pendi cul ar t o t he di r ect i on of mi gr at i on

per mi t t ed one t o f ol l ow t he movement of super i mposed chr omosomes whi ch

woul d have been mor e di f f i cul t wi t h st andar d f r ame- by- f r ame anal ysi s . Al l ow-

ances wer e made f or changes of di r ect i ons by r ot at i ng t he char t r ecor der . Usual l y,

t he movement of onl y a f ewchr omosomes i n one cel l coul d be anal yzed, but i n

some cel l s, over 20 chr omosomes coul d be f ol l owed . As t he cent r osome i s not

vi si bl e i n al l cel l s dur i ng t he whol e pr ocess of mi t osi s, i t s posi t i on was of t en

est i mat ed wi t h a pr eci si on of - 1 l amas t he cent er t owar d whi ch t he chr omosomes

osci l l at e, i . e . , as t he poi nt wher e t he ext r apol at ed pat hs of t he chr omosome

osci l l at i ons i nt er sect ( f ol l owi ng Wol f [ 61, 621) . The measur ement s of t he pat hs of

No . of ex-

	

Pr omet a-

pl ant s Pr ophase phase Met aphase Anaphase
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osci l l at i ng chr omosomes wer e done ei t her by f r ame- by- f r ame anal ysi s or di r ect l y

dur i ng sl ow pr oj ect i on wi t h a Panasoni c el ect r oni c r ul er , JE 8210 U. The l at t er

t ype of measur ement s cont ai n an - - 20%er r or .

The pr esent anal ysi s r eveal ed t hat sl ow pr oj ect i on r at es may r esul t i n consi d-

er abl e di st or t i on of movement s due t o t he mechani cal desi gn of most pr oj ect or s .

Thi s pr esent s addi t i onal di f f i cul t i es f or t he anal ysi s of movement s. The LW

pr oj ect or s used i n t he pr esent anal ysi s have r easonabl e ver t i cal r egi st r at i on, but

t he l at er al al i gnment of successi ve f r ames i s poor . Thi s af f ect s t he pr eci si on of t he

measur ement s, dependi ngon t he or i ent at i on of t he obj ect i n t he f r ame . Ther ef or e,

onl y wel l - def i ned di spl acement s i n space ( 1 l am and l onger ) wi l l be di scussed

her e .

RESULTS

Bi pol ar vs . Monopol ar Or i ent at i on

Bi pol ar chr omosome or i ent at i on, whi ch i s a pr er equi si t e f or

equal chr omosome di st r i but i on, i s achi eved i n pr omet aphase

and f i nal i zed i n met aphase .

A del ay i n t he f or mat i on of bi pol ar ki net ochor e f i ber s and

consequent monopol ar or i ent at i on i s a r ecur r ent f eat ur e of

ur odel e and Pt Ki epi t hel i al cel l s ( 46) and pr obabl y of ast r al

mi t osi s i n gener al . Monopol ar chr omosomes i n t he newt mi -

gr at e t owar ds t he cent r osome wher e t hey t end t o be r adi al l y

ar r anged unt i l r eor i ent at i on .

Typi cal bi pol ar and monopol ar or i ent at i ons of doubl e chr o-

mat i d chr omosomes can of t en be di st i ngui shed i n l i vi ng cel l s

( Fi g . 2) . The ar ms of monopol ar or i ent ed chr omosomes ar e

r at her J or U shaped . Thei r ki net ochor e r egi ons poi nt t owar d

a si ngl e pol e and usual l y move wi t hout change of shape . The

si gni f i cance of r ar el y obser ved changes of shape i s di scussed

bel ow. I n cont r ast , t he di st al par t s of bi pol ar or i ent ed chr o-

mosomes ar e of t en near l y mot i onl ess ; onl y t he ki net ochor es

and t he pr oxi mal r egi ons of t he ar ms osci l l at e.

Ast er Mobi l i t y and Pr omet aphase El ongat i on of

t he Spi ndl e

Newt mi t osi s i s t ypi f i ed by l ar ge ast er s best vi sual i zed by

i mmunochemi cal t echni ques ( 9) . The t wo cent r osome/ ast er

compl exes t hat st ar t mi gr at i on i n pr ophase ar e separ at ed by

var yi ng di st ances dur i ng t he br eaki ng of t he nucl ear envel ope .

I mmunochemi cal st udi es di d not det ect any t r aces of a cent r al

spi ndl e bet ween separ at i ng chr omosomes . As such, t hey ar e i n

agr eement wi t h EMdat a on cor r espondi ng newt ( 36) and r at

kangar oo ( 44) cel l s . The cent r osome i s of t en vi si bl e i n t he

cent er of t he ast er , even i n phase mi cr oscopy ( Fi g . 2) . I t has a

di amet er of - 0. 4 f t m. I t s di spl acement i s occasi onal l y det ect ed

on consecut i ve f r ames of 16- mmf i l m, e. g. , at 6- t o 10- s i nt er -

val s . I t can move i n di ver se ways, r angi ng f r om a st r ai ght l i ne

t o an er r at i c r ocki ng .

The cour se of ear l y pr omet aphase depends t o a gr eat ext ent

on t he di st ance bet ween t he ki net ochor es and t he cent r osomes/

ast er s as wel l as on t he or i ent at i on of ki net ochor es at t he

moment t he nucl ear envel ope br eaks . These f act or s i nf l uence

t he appear ance of f unct i onal ki net ochor e f i ber s dur i ng ear l y

TAKE I

Mi t osi s i n Pr i mar y Cul t ur es of Newt Lung Epi t hel i um: Di st r i but i on of Mi t ot i c St ages and Mi t ot i c Aber r at i ons i n Pr i mar y Expl ant s : 21 ° C

Anaphase-

l i ke pr o-

	

Monopol ar

Tel ophase met aphase spi ndl e St ar

The number of pr omet aphases shoul d be >43, si nce a hi gh per cent age of t he monopol ar - st ar conf i gur at i ons t r ansf or ms event ual l y i nt o a st andar d pr omet aphase .
The number of monopol ar - st ar conf i gur at i ons was except i onal l y hi gh i n t hese cul t ur es . 28 of 43 pr omet aphases had cent r ophi l i c chr omosomes, and i n f our cel l s

( t hr ee monopol ar and one pr ophase) si ngl e ast er s wi t hout chr omosomes wer e obser ved i n di f f er ent st ages of di ssoci at i on ( see r ef er ence 9) .
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pr omet aphase ; such f i ber s ar e det ect ed especi al l y wel l i n po-

l ar i zi ng mi cr oscopes ( 8, 50) . The el ongat i ng, ear l y pr omet a-

phase spi ndl e i s ver y t hi n and may cont ai n as f ew as t wo

bi pol ar or i ent ed chr omosomes ; some cent r ophi l i cs ar e of t en

l ocat ed cl ose t o bot h pol es. I n cul t ur ed newt epi t hel i al cel l s, as

i n mei osi s of cr ane f l y ( 27) , t he spi ndl e i s shor t est at t he end of

met aphase . The shor t eni ng and t hi ckeni ng of t he newt pr o-

met aphase spi ndl e occur s dur i ng t he r eor i ent at i on of t he mon-

opol ar chr omosomes l ocat ed at bot h pol es and t hei r mi gr at i on

t o t he equat or i al pl at e ( Fi g. 3) . I f a met aphase pl at e i s est ab-

l i shed, a st andar d anaphase f ol l ows . Pr omet aphase i s, however ,

t he most unpr edi ct abl e st age of mi t osi s showi ng t wo aber r ant

ext r emes : t he f i r st i s anaphasel i ke pr omet aphase and t he sec-

ond, monocent r i c di vi si on . These ext r eme mal f unct i ons r esul t

f r om i mpr oper t i mi ng of t hr ee nor mal pr ocesses : ast er mi gr a-

t i on ( cent r osome separ at i on) , t he br eaki ng of t he nucl ear en-

vel ope, and t he f or mat i on of bi pol ar ki net ochor e f i ber s .

Cer t ai n cel l s cont ai n nor mal l y separ at i ng ast er s wi t h cent r o-

somes, but t he f or mat i on of bi pol ar ki net ochor e f i ber s af t er

br eaki ng of t he nucl ear envel ope i s del ayed f or - 10 mi n ( at

21 ° - 22° C) . I n t hese cases al l t he doubl e- chr omat i d chr omo-

somes become r andoml y ar r anged i n monopol ar or i ent at i on

t owar d t he t wo pol es ( ast er s) . The t wo pr omet aphase hal f -

spi ndl es, each wi t h a r andom number of chr omosomes, con-

t i nue t hei r mi gr at i on i n an anaphasel i ke f ashi on . The br eaki ng

20 40 60 80 100 120 140
I .
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FI GURE 3 The shor t eni ng of a pr ome-

t aphase spi ndl e . The di st ance bet ween

cent r osomes ( A) and bet ween si st er

chr omosome gr oups ( 8) pl ot t ed agai nst

t he t i me . The compar at i vel y sl ow ( over

2 h) shor t eni ng of t he spi ndl e occur s at

var i abl e r at es and i s i nt er r upt ed by pe-

r i ods of el ongat i on ( 60 mi n and 110 mi n) .

The hi ghest r at e of shor t eni ng i s - 0. 7

ym/ mi h, whi l e f or compar i son each si s-

t er chr omosome gr oup i n anaphase of

t hi s cel l moves near l y t wi ce as f ast ( 1 . 25

l i m/ mi n) . Anaphase st ar t s at 138 mi n .

Ce1196/ 80. 21 ° C.

160 180

140

	

' MI N

of t he nucl ear envel ope i s, t her ef or e, not f ol l owed by f or mat i on

of a bi pol ar spi ndl e ( Fi gs . 4 and 5) as i n st andar d pr omet a-

phase . The di st ance of mi gr at i on t owar d t he cel l per i pher y

var i es f r om - 30 I Lm ( whi ch i s t he appr oxi mat e l engt h of t he

met aphase spi ndl e) t o - 150 l i m, i . e. , about f our t i mes l onger

t han anaphase separ at i on. Dur i ng t he mi gr at i on of t hese pr o-

met aphase hal f - spi ndl es, chr omosomes osci l l at e i n t he same

way as i n monocent r i c spi ndl es wi t h a di pl oi d set ( see next

sect i on, " Monocent r i c Spi ndl e" ) . Thi s pr ocess i s r at her dr a-

mat i c dur i ng f i l m pr oj ect i on : one or bot h ast er s wi t h mono-

pol ar - or i ent ed chr omosomes mi gr at e t owar d t he per i pher y of

t he cel l ; ver y l i t t l e, i f any, shor t eni ng of t he chr omosomes- t o-

pol e di st ance i s seen . The cel l may f i nal l y pi nch i nt o t wo ( seven

cases wi t h t hr ee t i me- l apse r ecor ds) .

I n most cases, one of t he monopol ar spi ndl es, of t en cont ai n-

i ng onl y a f ewchr omosomes, r ot at es at t he cel l per i pher y 90° -

180° ( Fi gs . 4 and 5) . Thi s pr ovi des addi t i onal evi dence t hat

t he i nt er zone of t he t ype f ound i n st andar d anaphase i s not

r equi r ed i n t he separ at i on of t he pol es . The r ot at i on of t he

ast er i s f ol l owed by i t s mi gr at i on t owar d t he ot her , of t en

st at i onar y ast er / cent r osome . Mi gr at i on, of t en t aki ng pl ace i n

an er r at i c manner , f i nal l y l eads t o t he f usi on of t he t wo

pr omet aphase hal f - spi ndl es and t he f or mat i on of a bi pol ar or

mul t i pol ar spi ndl e . " Backwar d" mi gr at i on wi t hout pr evi ous

r ot at i on has not been obser ved. The f usi on of t wo pr omet a-

phase hal f - spi ndl es al ways occur s i n a si mi l ar manner , i . e . ,

near l y si deways and not back- t o- back . The f usi on begi ns af t er

FI GURE 2

	

Ast er behavi or and monopol ar vs . bi pol ar or i ent at i on . Due t o t he pr onounced mobi l i t y of t he ast er s, t he whol e mi t ot i c
appar at us r ot at es. Cent r osomes ( mar ked by ar r ows i n a- e) ar e not vi si bl e i n al l f r ames, because of t hei r movement s out of f ocus

and t he change of cel l shape . Monopol ar or i ent ed ( cent r ophi l i c) chr omosomes cl ose t o t he pol es, seen i n a- c, r esembl e anaphase

or i ent at i on . Onl y about one t hi r d of pr omet aphase chr omosomes ( at a) ar e i ni t i al l y bi pol ar or i ent ed, and t hey f or m a t hi n bi pol ar

spi ndl e . Dur i ng r ot at i on of t he mi t ot i c appar at us ( cur ved ar r ow i n b) ast er s have a t endency t o di ssoci at e f r om t he spi ndl e, and t he

mi t ot i c appar at us assumes a somewhat cr escent shape . Nor mal met aphase ( d) , anaphase ( e) , and cl eavage f ol l ow. Ti me i n mi nut es

af t er a : b, 60 ; c, 97; d, 245 ; e, 268, f , 323 . 21 ° C. Bar i n b, 10 f t m.
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FI GURE 4

	

Anaphasel i ke pr omet aphase f ol l owed by f or mat i on of a bi pol ar spi ndl e. Cent r osomes ar e onl y seen i n some f r ames

( t hi n ar r ow i n a and f ) . The l ower hal f - spi ndl e i s compar at i vel y st at i onar y whi l e t he upper one mi gr at es and r ot at es t o t he r i ght

( cur ved ar r ow at a) . Thi s i s f ol l owed by a mi gr at i on up and f i nal l y t o t he l ef t ( cur ved ar r ow i n e) . At t he same t i me ( e) t he l ower

hal f - spi ndl e r ot at es t o t he r i ght and a f ew chr omosomes become bi pol ar or i ent ed ( ar r ow i n f ) . Thei r number i ncr eases and a

st andar d met aphase i s f ol l owed by anaphase and cl eavage ( not shown) . The pr ocess of f usi on l ast s - - 1 h . The dur at i on of anaphase

i s nor mal as seen f r om h ( begi nni ng of anaphase) and i . ( See al so Fi g . 5, whi ch shows t he same pr ocess i n a di f f er ent cel l . ) Ti me

i n mi nut es af t er a : b, 6; c, 14 ; d, 31 ; e, 50; f , 58; g, 63 ; h, 123 ; i , 135 . 22 ° C. Bar i n b, 10 pm.
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FI GURE 6

	

Mi gr at i on of st ar conf i gur at i on . The di st ance of t he cen-

t er of st ar f r om an ar bi t r ar y poi nt pl ot t ed agai nst t i me. The maxi mum

vel oci t y ( 1 I t m/ mi n) of t hi s st ar i s somewhat sl ower but wi t hi n t he

r ange of anaphase mi gr at i on of a si ngl e si st er chr omosome gr oup .

( I nset s A- D) Dr awi ngs of t he st ar conf i gur at i on i n posi t i ons A- Dat

Monocent r i c Spi ndl e

FI GURE 5

	

Anaphasel i ke pr omet aphase and f usi on of pr omet aphase hal f - spi ndl es . The t i me i n mi nut es i s mar ked on dr awi ngs . ( A)

The di st ance bet ween cent r osomes and ( 8) si st er chr omosome gr oups ( whi t e ci r cl es) and cent r osomes ( bl ack ci r cl es) . Recor di ng

of t hi s cel l st ar t ed when one ( upper ) chr omosome gr oup began i t s r et ur n movement t owar d t he ot her , near l y st at i onar y

pr omet aphase hal f - spi ndl e . The upper hal f - spi ndl e was a t ypi cal monopol ar spi ndl e and t he l ower a st ar conf i gur at i on . Chr omo-

some ar r angement i n t he st ar conf i gur at i on began t o change when t he cent r osomes wer e - 55 f Lm apar t , i . e . , near l y t wi ce as l ong

as t he aver age met aphase spi ndl e ( 30 gm) . The chr omosomes f r om bot h chr omosome gr oups began t o mi gr at e t owar d t he cent er

( equat or ) at 11 . 5 mi n ( 71 . 5' on f i gur e r epr esent s 11 . 5 mi n) . These chr omosomes f or med a t hi n bi pol ar spi ndl e ( 13- 24 mi n) and t he

ot her s gr adual l y mi gr at ed one by one t o t he met aphase pl at e . Vel oci t y of anaphase separ at i on bet ween t he t wo chr omosome

gr oups ( 2 . 7 gm/ mi n) was somewhat sl ower t han t he r et ur n mi gr at i on dur i ng anaphasel i ke pr omet aphase ( 3 , um/ mi n) whi ch,

however , was r at her r api d i n t hi s cel l . Cel l 121/ 80 . 22 ° C.

one or a f ew chr omosomes est abl i sh bi pol ar i t y ( Fi g . 5) ; t hen

t he r emai ni ng chr omosomes behave l i ke cent r ophi l i cs dur i ng

a st andar d pr omet aphase, gr adual l y becomi ng bi pol ar or i ent ed

and mi gr at i ng t owar d t he equat or i al r egi on .

Anaphasel i ke pr omet aphase i n our newt cul t ur es i s r ar e,

wi t h an est i mat ed f r equency of 1 : 100 ± 50 . The ver y st ar t of

t hi s pr ocess, whi ch begi ns shor t l y af t er br eaki ng of t he nucl ear

envel ope, was obser ved onl y once . I n al l ot her cases, anaphase-

l i ke pr omet aphase has been not i ced onl y when chr omosome

gr oups wer e al r eady separ at ed ( cf . al so r ef er ence 15) . Ana-

phasel i ke pr omet aphase has been obser ved i n 31 cel l s i ncl udi ng

cel l s pr epar ed f or i mmunochemi cal ( 9) and EM st udi es . The

f ol l owi ng chr omosome di st r i but i ons wer e obser ved i n ei ght

cel l s : 3- 19 ( t wo t i mes) , 4- 18, 6- 16, 7- 15, 8- 14, 10- 12, and 1 I -

11 . Because of t he chr omosome conf i gur at i on i n ot her cel l s, a

pr eci se count was i mpossi bl e but was est i mat ed t o be bet ween

8- 14 and 11- 11 . I n 18 t i me- l apse r ecor ds, anaphasel i ke pr o-

met aphase was f ol l owed ei t her by nor mal met aphase and

anaphase ( 14 cel l s) or by mul t i pol ar anaphase ( 4 cel l s) . I n

sever al ot her cel l s, however , t he mi gr at i on of ast er s wi t h cen-

t r osomes ceased si mul t aneousl y wi t h t he appear ance of bi po-

l ar - or i ent ed chr omosomes . These cases may be consi der ed as

a t r ansi t i on f r om anaphasel i ke pr omet aphase t o nor mal pr o-

met aphase .

The f ai l ur e of ast r al separ at i on or t he di ssoci at i on of one

ast er f r om t he spi ndl e i n pr ophase ( 9, 19, 55) r esul t s, as a r ul e,

l ef t . Not e t hat i n D t he f or mat i on of t he r est i t ut i on nucl eus has

al r eady st ar t ed . The movement s bet ween t wo ar r ows poi nt i ng

downwar d and upwar d ar e at const ant vel oci t y . Cf . al so f i g . 5 . Cel l

19/ 80. 21' C .
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FI GURE 7 Monopol ar spi ndl e: t he r esul t of a del ay i n separ at i on of

cent r osomes . Ther e i s onl y about a 2- h del ay i n separ at i on of cent r o-

somes, and mi cr ogr aphs a- f r epr esent an i nt er medi at e conf i gur at i on

bet ween monopol ar spi ndl e and st ar conf i gur at i on . Al l monopol ar

or i ent ed chr omosomes ( e . g . , t hose mar ked by dot s and t r i angl es) osci l -

l at e t owar d and away f r om t he pol e . The aver age di st ance bet ween

ki net ochor es and t he pol e wher e cent r osomes ar e of t en seen i s consi d-

er ed as t he spi ndl e l engt h . The monopol ar spi ndl e shor t ens negl i gi bl y

( t i me a- f ) i f compar ed t o anaphase hal f - spi ndl e . The cel l gr adual l y

r ounds up ( f ) , r ot at es ( g) , and el ongat es somewhat bef or e t he st ar t of

anaphase ( h) . Bi pol ar spi ndl e f or ms dur i ng r oundi ng up of t he cel l , and

det ai l s ar e not pl ai nl y vi si bl e even dur i ng f i l m pr oj ect i on . Ti me i n

mi nut es af t er a : b, 18; c, 21 ; d, 24; e, 26 ; f , 50 ; g, 105 ; h, 247 ; i , 257 ; j , 272 .

Chr omosome osci l l at i ons i n t hi s cel l ar e shown i n Fi gs . 8- 10. 21 ° C. Bar ,

20 Am.



i n t he f or mat i on of a monopol ar spi ndl e . Chr omosomes t end

t o swi ng ar ound t he pol e, whi ch l eads t o sl ow t r ansf or mat i ons

i nt o a st ar conf i gur at i on ( Fi g . 1) . Thi s occur s wi t hout a change

i n t he aver age di st ance bet ween t he ki net ochor es and t he

cent r osome . The t r ansf or mat i on usual l y l ast s a f ew hour s at

22° C; t he ki net ochor es ( chr omosomes) f i nal l y become ar -

r anged i n a compl et e, or near l y compl et e, ci r cl e i n f l at cel l s, or

at t he per i pher y of a spher e i n r ound ones . The enci r cl i ng

movement i s r emi ni scent of st andar d l at e anaphase/ ear l y t el -

ophase r ear r angement s when t he chr omosomes of each si st er

chr omosome gr oup change posi t i on and become ar r anged i n a

semi ci r cl e bef or e f or mat i on of t he t el ophase nucl eus ( cf . Fi g .

13 b and 1) .

Bot h conf i gur at i ons of a monocent r i c spi ndl e ( i . e. , mono-

pol ar or st ar conf i gur at i on) may t r ansf or m i nt o a bi pol ar

spi ndl e ( Fi gs . 1 and 7) , f ol l owed by a st andar d anaphase . The

l at t er occur s i n ^- 85% of t he cel l s at 26° C. For mat i on of

r est i t ut i on nucl ei ( 4n) usual l y r esul t s f r om t he st ar conf i gur a-

t i on; t hei r f or mat i on, however , i s r ar e ( <5%) . Occasi onal l y,

doubl e- chr omat i d chr omosomes spl i t bef or e t he f or mat i on of

t he r est i t ut i on nucl eus but do not mi gr at e . The f r equency of

t hi s pr ocess i s unknown . I n ei t her case, mi t osi s i s pr ol onged by

a f act or of 2- 3 . The compl et e di ssoci at i on of ast er s t hat l eads

t o t he f or mat i on of a monopol ar spi ndl e occur s i n <5%of t he

cel l s . I n cont r ast , a del ay of t he separ at i on and mi gr at i on of

cent r osomes ( cent r i ol es) i s common and occur s i n 20- 50%of

t he cel l s i n some bat ches of our cul t ur es ( - - 50%i n Tabl e I ) . I n

such cel l s, wi t hi n mi nut es af t er t he br eaki ng of t he nucl ear

envel ope, al l t he chr omosomes of t he di pl oi d set become

monopol ar or i ent ed t owar d one cent er , t he si ze of whi ch i s

per haps det er mi ned by t he di st ance bet ween t he cent r i ol es ( 9) .

Monocent r i c spi ndl es usual l y show pr onounced mobi l i t y

( Fi g . 6) . They mi gr at e t owar d t he cel l per i pher y, of t en r ot at i ng

and movi ng i n t he opposi t e di r ect i on; t hei r r at e of mi gr at i on i s

compar abl e t o, t hough somewhat sl ower t han, t he r at e of

anaphase hal f - spi ndl es . The mobi l i t y of a st ar i s usual l y l ess

pr onounced t han t hat of t he monopol ar spi ndl e, and i t s mi gr a-

t i on gr adual l y ceases bef or e t he f or mat i on of t he r est i t ut i on

nucl eus .

FI GURE 8

	

Ki net ochor e pat h dur i ng 10 mi n of chr omo-

some osci l l at i ons i n a monopol ar spi ndl e . The number s

show t he di st ance ( f t m) t r avel ed i n 20 mi n. Thi s spi ndl e

t r ansf or ms i nt o a st andar d bi pol ar one ( Fi g . 7) . Osci l l a-

t i ons of some chr omosomes ar e shown i n Fi g . 9. Lar ge

ci r cl es mar k t he begi nni ng ( 0 t i me) of measur ement s

and smal l bl ack ones mar k 10 mi n l at er . Measur ement s

( whi t e ci r cl es) wer e done ever y 30 s . The pat hs of sever al

chr omosomes ar e super i mposed and, f or cl ar i t y, l onger

pat hs ar e dr awn onl y f or a f ew chr omosomes, and t he

pat hs of al l chr omosomes ar e not shown. Af t er 10 mi n

of mi gr at i on, t he l ocat i on of some ki net ochor es i s cl ose

t o t hei r st ar t i ng posi t i on whi l e ot her s mi gr at e - 7 pi n ( cf .

E, G, and F) . Ki net ochor es i n t he same gener al r egi on

shown ( e . g . , upper par t of t he spi ndl e and r i ght si de)

have si mi l ar pat hs, wi t h some except i ons . Chr omosomes

at t he edge usual l y osci l l at e l ess ( 13, 10) . Few chr omo-

somes usual l y l ocat ed f ar t her f r om t he cent er make l ong

mi gr at i ons ( 37, 43 ; ) . Mol è- Bal er and A. S. Bal er , manu-

scr i pt submi t t ed f or publ i cat i on) . Ther e i s a gener al sl ow

cl ockwi se di spl acement of sever al chr omosomes i n t he

upper par t of t he spi ndl e whi ch var i es f or di f f er ent

chr omosomes . The pat hs ar e ei t her st r ai ght f or a di s-

t ance of a f ew f t m or osci l l at e somewhat si deways,

especi al l y when chr omosomes do not mi gr at e f or a l ong

di st ance . Cel l 88/ 80 . 21 ° C.

Ot her char act er i st i c f eat ur es of monopol ar spi ndl es ar e t he

osci l l at or y movement s di scussed i n t he next sect i on and t hei r

t endency t o change f r om a monopol ar t o a bi pol ar or i ent at i on.

I n a f ew cases, however , t he bi pol ar or i ent ed chr omosomes ( i n

one cel l , 20 out of 21) changed or i ent at i on t o become mono-

pol ar , and r est i t ut i on nucl ei wer e f i nal l y f or med. Such obser -

vat i ons ar e r at her unexpect ed, si nce i t seems wel l - document ed

( 4, 39) t hat once a bi pol ar ki net ochor e f i ber i s est abl i shed i t

has consi der abl e st abi l i t y .

Osci l l at or y Movement s of Monopol ar -
or i ent ed Chr omosomes

Al l doubl e- chr omat i d chr omosomes of st at i onar y or mi gr at -

i ng monocent r i c spi ndl es execut e r epeat ed osci l l at or y move-

ment s t owar d and away f r om t he cent r osome, or a r egi on 2- 3

um i n di amet er l yi ng at t he ast er ' s cent er . These movement s

occur wi t h ki net ochor es poi nt i ng t o t he cent er ( Fi g. 8) . Occa-

si onal l y, one or a f ew chr omosomes swi ng ar ound t he cent er

t hr ough an angl e as gr eat as 45° dur i ng 30 mi n . Ther e i s a

l i t t l e var i at i on i n t he behavi or of chr omosomes f r om di f f er ent

cel l s wi t h r espect t o pat hs, ampl i t ude, or f r equency of osci l l a-

t i ons ( Fi gs . 9, 10, 15, and Tabl e I I ) . Changes of di r ect i on and

vel oci t y can occur ei t her gr adual l y or abr upt l y . The shapes and

sl opes of t he di st ance vs . t i me cur ve dur i ng l ong movement s

( f ew mi cr omet er s) t owar ds and away f r om t he cent er ar e of t en

i dent i cal . They r esembl e mi r r or r ef l ect i ons of one anot her .

Abr upt 180° changes i n di r ect i on may occur wi t hi n 10 s and

of t en do not r et r ace t he same pat hs . Due t o t echni cal l i mi t at i ons

( see Mat er i al s and Met hods) i t was not possi bl e t o est abl i sh

whet her t hese movement s over a l onger di st ance occur i n a

" per f ect " st r ai ght l i ne wi t h a const ant vel oci t y or ar e osci l l at or y .

The most common sor t s of movement s ar e smal l j er ks wi t h an

ampl i t ude of 0 . 3- 1 . 5 , um, dur i ng whi ch ki net ochor es and ad-

j acent par t s of chr omosome ar ms ar e of t en st r et ched . Conse-

quent l y, t he ends of chr omosome ar ms ei t her can f ol l ow t he

ki net ochor es synchr onousl y or t hei r movement s may be some-

what del ayed ( Fi g . 9) .

Dur i ng movement away f r om t he cent er t he ends of chr o-
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mosome ar ms ei t her osci l l at e sl i ght l y or occasi onal l y bend,

especi al l y i f t hey meet some mechani cal r esi st ance ( Fi g. 10) .

The i mpor t ance of t hi s obser vat i on i s st r essed i n t he Di scussi on .

The si mi l ar i t y of t he movement s of nei ghbor i ng chr omosomes

42

TA13LE I I

Osci l l at i ons of Monopol ar Or i ent ed Chr omosomes wi t h

Ampl i t ude 1 Pmand Hi gher at 21- 22 ° C

Si ngl e osci l l at i on

Dat a based on Fi g . 15. For compar i son, t he aver age vel oci t y of a si ngl e
chr omosome gr oup i n st andar d anaphase i s 1 . 3 ym/ mi n and of mi gr at i on of
monopol ar spi ndl e 1 . 0 gm/ mi n, t he l at t er aver age of f our cel l s . Vel oci t i es of
t he or der 0. 5- 1 . 2 Am/ mi n ar e most common i n al l st ages f or al l t ypes of
movement s, i ncl udi ng spi ndl e el ongat i on and shor t eni ng, and t hose >3 Am/
mi n ar e r ar e . The aver age vel oci t i es of osci l l at i ons i n a si ngl e cel l var y f r om0 . 7
t o 1 . 4 Am/ mi n . The est i mat ed number of osci l l at i ons per chr omosome set / h,
var i es i n di f f er ent cel l s f r om 350 t o 520 and i s si mi l ar i n al l st ages of mi t osi s .
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var i es f r omnone at al l t o an al most per f ect synchr ony ( Fi gs . 9

and 10) t hat may l ast as l ong as 45 mi n . The f act or t hat seems

t o be a pr er equi si t e f or synchr onous, or coupl ed, movement i s

t he cl oseness of nei ghbor i ng ki net ochor es . Dur i ng t he pr oj ec-

t i on of a f i l m, i t i s possi bl e t o see t hat t he st ar t of synchr onous

movement s coi nci des wi t h t he l at er al appr oach of nei ghbor i ng

chr omosomes. Thus, t he synchr ony of movement i s bet t er seen

dur i ng pr oj ect i on t han i n gr aphs t hat do not si mul t aneousl y

show bot h t he posi t i on of mul t i pl e ki net ochor es i n r el at i on t o

one anot her and t hei r di st ances f r om t he cent r osome . Syn-

chr ony can most easi l y be t r aced i n f l at cel l s wher e chr omo-

somes ar e ar r anged i n one l ayer . No such cor r el at i ons coul d be

det ect ed i n r ounded cel l s . Some ot her char act er i st i cs of move-

ment ar e gi ven i n Fi g . 10 and Tabl e I I .

The osci l l at or y movement s become l ess pr onounced i n t he

l at e devel opment of t he st ar conf i gur at i on and gr adual l y cease

dur i ng t he f or mat i on of t he r est i t ut i on nucl eus . I n one of t he

monopol ar spi ndl es st udi ed, t he number of osci l l at i ons var i ed

f r om sever al t o 92 per si ngl e chr omosome dur i ng a per i od of

- 5 h, af t er whi ch t he spi ndl e became bi pol ar .

Osci l l at i ons wi t h an ampl i t ude of 1 / m and hi gher ar e

di scussed bel ow. Dur i ng t hese osci l l at i ons, t he aver age di st ance

f r om t he ki net ochor es t o t he cent r osome ( i . e . , t he r adi us or

l engt h of t he monopol ar spi ndl e) decr eases at t he r at e of - 1

Am/ h, whi ch i s 300- 500 t i mes sl ower t han t he vel oci t y of t he

osci l l at i ons . The osci l l at i ons execut ed by cent r ophi l i c chr o-

mosomes i n st andar d pr omet aphase wer e i ndi st i ngui shabl e

FI GURE 9 Chr omosome osci l l at i ons i n a monopol ar spi ndl e . Mi cr ogr aphs of t hi s cel l ar e i n Fi g . 7 and t he pat hs of some

chr omosomes i n Fi g . 8 . The di st ance f r om t he st at i onar y cent er ( ci r cl e) pl ot t ed agai nst t i me wi t h a char t r ecor der . The cent er i s,

however , mi gr at i ng sl owl y i n t he sout heast di r ect i on . Thi s i s r ef l ect ed i n t he sl opes of t he cur ves af t er 15 mi n. The posi t i on of ar ms

of most chr omosomes not anal yzed i s mar ked by shor t r ods . Chr omosomes at t he edge of t he spi ndl e ( G and E) and t hose cl ose

t o t he cent er show l ess pr onounced osci l l at i ons . Ther e ar e l ong per i ods ( 10- 23 mi n f or chr omosomes Cand D) when nei ghbor i ng

chr omosomes osci l l at e i n per f ect synchr ony . Dur i ng t hi s per i od t hei r ki net ochor es ar e cl ose t oget her . Par t i cl e P osci l l at i ng bet ween

ar ms of chr omosome 8 does not show any cor r el at i on wi t h t he movement s of any chr omosome . Thi s gr aph demonst r at es some

t r ansi t or y synchr ony and var i abi l i t y i n behavi or bet ween di f f er ent ki net ochor es . Cel l 88/ 80 . 21 ° C.

Aver age Vel oci t y Aver age no . of

Ampl i -

Jude

Am

Dur a-

t i on

mi n

Aver -

age

um/ mi n

Maxi -

mum

osci l l at i ons per

chr omosome

i n 10 mi n

St andar d pr o- 2 . 2 2 . 0 1 . 1 2 . 8 3 . 4

met aphase

Monopol ar 1 . 8 2 . 1 0 . 9 2. 3 3 . 4

spi ndl e

Anaphase 1 . 5 1 . 7 0 . 9 2. 2 3 . 3



Chr omosome Osci l l at i ons dur i ng Anaphase
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f r om t hose i n t he monocent r i c spi ndl e ( Fi gs. 11 and 12) . The

movement s of t he cent r ophi l i c chr omosomes become mor e

compl ex as t hey r eor i ent bef or e t he st ar t of anaphase ( 38) .

Si ngl e cent r ophi l i c chr omosomes can appr oach t he cent r osome

wi t hi n 0 . 8 l um, i . e . , a di st ance shor t er t han t hat seen at t he end

of anaphase . These chr omosomes i n asymmet r i c spi ndl es hav-

i ng t wo hal f - spi ndl es of di f f er ent l engt hs, as wel l as t hose

l ocat ed i n t he ast r al r egi on f aci ng t he cel l per i pher y ( Fi g . 11) ,

ar e of t en near l y mot i onl ess or move i n synchr ony wi t h t he

movement of t he cent r osome ( Fi gs . 11 and 12) . Dur i ng such

mi gr at i on, t hei r di st ance f r omt he cent r osome may not change

f or sever al mi nut es . I n cont r ast , mul t i pl e cent r ophi l i c chr o-

mosomes cl ose t o each ot her usual l y showpr onounced mot i l i t y .

Si mi l ar l y, chr omosomes l ocat ed at t he per i pher y of t he mon-

opol ar spi ndl e ( Fi g . 9) usual l y osci l l at e l ess t han t hose i n t he

cent er among ot her chr omosomes .

Anaphase ( si ngl e- chr omat i d) chr omosomes ar e connect ed t o

one pol e and ar e t her ef or e monopol ar or i ent ed ; an anaphase

hal f - spi ndl e i s basi cal l y a monopol ar spi ndl e . Osci l l at i ons i n

anaphase hal f - spi ndl es ar e not as pr onounced as t hose i n

pr omet aphase but show t he same char act er i st i cs ( Fi gs . 13 and

14) . The mai n di f f er ence bet ween t he t wo i s t he l i f e- span of

t he ki net ochor e f i ber . I n t he monocent r i c spi ndl e or anaphase-

l i ke pr omet aphase t he f i ber l ast s 10- 20 t i mes l onger t han i n

anaphase . Osci l l at i ons wer e det ect ed dur i ng ei t her bi pol ar or

mul t i pol ar anaphase i n at l east 80% of t he cel l s exami ned .

Osci l l at i ons occur dur i ng near l y t he whol e per i od of mi gr at i on,

161.

FI GURE 10 Chr omosome osci l l at i ons i n a monopol ar

spi ndl e . The same cel l as i n Fi gs . 7- 9 . Ampl i t ude ( a) and

dur at i on ( d ) mar ked i n A. The di st ance of ki net ochor es

( K) , chr omosome ar ms ( A) , some par t i cl es ( P) and i n-

cl usi on ( I ) pl ot t ed agai nst t i me . The pat hs of ki net o-

chor es, ar m ends, et c . , ar e dr awn dur i ng t he t i me mar ked

by ar r ows i n B- D. Measur ement s on t he dr awi ng ar e

ever y 40 s, and on t he gr aphs, ever y 20 s . A shows t wo

t ypi cal behavi or s of chr omosomes dur i ng osci l l at i ons :

per f ect synchr ony bet ween ki net ochor es and chr omo-

some ends ( K. - A . ) and i t s l ack due t o r epeat ed f ast

osci l l at i ons r esul t i ng i n sl i ght st r et chi ng of t he ki net o-

chor e r egi on wi t h adj acent por t i on of chr omosome ar m

( Ka- A b ) . B shows t he bendi ng of t he chr omosome ar m

( dot t ed out l i ne shows t hi s chr omosome on t he dr awi ng

dur i ng maxi mum bend) when t he ar m meet s st at i onar y

i ncl usi on ( I ) of unknown or i gi n . The par t i cl es ( P) show

di f f er ent mobi l i t y and t he behavi or of chr omosomes i n

Cand D i s si mi l ar t o t hat of t hose i n A.

wi t h t hei r ampl i t ude gr adual l y decr easi ng . I t shoul d be st r essed

t hat t hese movement s t ake pl ace i n t he per i od of anaphase

dur i ng whi ch ends of t he t wo si st er chr omosome gr oups ar e no

l onger super i mposed and ar e t hus not i n cl ose cont act wi t h

each ot her ( Fi g . 13 g- k) . Thi s excl udes any t empor ar y st i cki -

ness bet ween chr omosome gr oups movi ng i n opposi t e di r ec-

t i ons as a f act or i n t he bi di r ect i onal movement . Li ght mi cr o-

scope st udi es do not excl ude, however , connect i ons by i nt er -

zonal mi cr ot ubul es . The number of osci l l at i ons per chr omo-

some dur i ng anaphase di d not exceed f i ve per chr omosome ;

ampl i t udes i n excess of 3 P, m wer e obser ved onl y a f ew t i mes .

These obser vat i ons demonst r at e t hat anaphase movement s ar e

not per f ect l y synchr oni zed and t hat t her e i s consi der abl e i n-

dependence bet ween di f f er ent chr omosomes of t he same gr oup .

The movement s ar e cl ear l y vi si bl e dur i ng f i l mpr oj ect i ons, but ,

due t o t he cr owdi ng of t he chr omosomes, t he ki net ochor es ar e

not t r aceabl e dur i ng t he backwar d phase of t he movement i n

most of our f i l m r ecor ds .

DI SCUSSI ON

Monocent r i c Spi ndl e vs. Hal f - spi ndl e
The monocent r i c spi ndl e and t he t r ansi t or y conf i gur at i ons

bet ween monopol ar and bi pol ar spi ndl es ar e known i n l i t er a-

t ur e ( 53, 60) . They ar e a nor mal f eat ur e of di f f er ent i at i on and

mei osi s i n cer t ai n or gani sms ( 17, 19, 20, 34, 35, 54) and may be

i nduced by a var i et y of exper i ment al t r eat ment s i n ast r al

mi t osi s ( 18, 43) and mei osi s ( 50) . The l at t er r epor t ( 50) i s t he

f i r st one i n whi ch chr omosome osci l l at i ons i n t he monopol ar
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FI GURE 11 Movement s of cent r o-
some and cent r ophi l i c chr omo-

somes i n bi pol ar spi ndl e . ( A) The

di st ance of ki net ochor es ( K, and

K2 ) and cent r osome ( C) f r om an

ar bi t r ar y r ef er ence poi nt ( bl ack t r i -

angl e i n t he dr awi ng at 0 t i me) and

( 8) t he di st ance of t he same ki net -

ochor es f r om t he cent r osome ( smal l

ci r cl e i n t he dr awi ng) , pl ot t ed

agai nst t i me . Cr oss mar ks t he same

posi t i on i n t he f r ame . The pat hs of

t hese chr omosome ki net ochor es

ar e shown i n Fi g . 12 . The cur ves i n

A and B demonst r at e t hat t he ki -

net ochor e may f ol l ow ver y cl osel y

t he mi gr at i on of t he cent r osome

when t he di st ance and pr esumabl y000
0000

	

t he l engt h of t he ki net ochor e f i ber

0 00

	

do not change dur i ng a compar a-

t i vel y l ong mi gr at i on, e . g . , K, i n 0-

7 mi n . The cent r osome mi gr at es i n

st eps i nt er r upt ed by st at i onar y pe-

r i ods . Ki net ochor e K2 r eor i ent s at

- 17 mi n and r et ur ns t o t he pl at e,

wher eas K, r eor i ent s onl y at t he

t i me of 65 mi n . K, i s an exampl e of

a si ngl e chr omosome l ocat ed be-

t ween t he cent r osome and t he cel l

per i pher y . Such chr omosomes ar e

usual l y near l y st at i onar y wi t h r e-

spect t o t he cent r osome ( cf . t ext

and Fi g. 9) . Cel l 58/ 80 . 21 ° C.

25 MI N

25

~MI N

mei ot i c spi ndl e wer e descr i bed i n l i vi ng cel l s . The pr esent
r epor t demonst r at es, however , t hat a monocent r i c mi t ot i c spi n-
dl e may be a common t r ansi t or y phase of nor mal pr omet aphase
i n pr i mar y t i ssue cul t ur es of newt l ung epi t hel i um and t hat t he
behavi or of cent r ophi l i c ( 38, 59, 63) chr omosomes i s t he same
i n st andar d pr omet aphase as i n monopol ar spi ndl es . The mon-
ocent r i c spi ndl e di scussed her e i s, t her ef or e, an ext r eme case of
a cent r ophi l i c ar r angement wi t h al l t he chr omosomes per si st -
ent l y cent r ophi l i c ( monopol ar ) . Such spi ndl es, however , r et ai n
f or a l ong t i me t he capabi l i t y t o become bi pol ar .

A monopol ar pr omet aphase spi ndl e i s, i n pr i nci pl e, hal f of
a bi pol ar spi ndl e and i s si mi l ar , i n many r espect s, t o a st andar d
anaphase hal f - spi ndl e. Bot h can mi gr at e l ong di st ances and
suppor t chr omosome movement s t owar ds and away f r om t he
pol e. The di f f er ence i s i n t he chr omosome st r uct ur e ( doubl e-
vs . si ngl e- chr omat i d) and i n t he dur at i on of t hese conf i gur a-

FI GURE 12 Pat hs of ki net ochor es ( K) and cent r osome ( C . The

di spl acement s ar e mar ked ever y mi nut e . The movement s of t hese

chr omosomes and cent r osome ar e shown i n Fi g . 11 . The cent r osome

( C) mi gr at es basi cal l y al ong st r ai ght l i nes i nt er r upt ed by per i ods of

i r r egul ar r ocki ng movement s . Ki net ochor es f ol l ow cl osel y i t s behav-

i or ei t her al l t he t i me ( K, ) or onl y par t of t he t i me ( Kz) . Chr omosome

out l i nes ar e dr awn by cont i nuous l i ne at t he st ar t of measur ement s

and dot t ed at t he end . Thi s cel l f or med nor mal met aphase f ol l owed

by anaphase and cl eavage . Cel l 58/ 80. 21 ° C.



FI GURE 13

	

Osci l l at i ons of chr omosomes i n anaphase . Ar r ows poi nt t o par t i cul ar r egi on wher e chr omosome osci l l at i ons can be

t r aced on mi cr ogr aphs. Al l chr omosomes execut e such osci l l at i ons, but t hey ar e usual l y most cl ear l y seen at t he edges of

chr omosome gr oup . The cour se of some osci l l at i ons i s shown i n Fi g . 14. Ti me i n mi nut es and seconds af t er a: b, 95 ; c, 95 . 30 ; d, 97;

e, 97 . 30; f , 98; g, 98 . 30 ; h, 99; i , 99 . 30 ; j , 100; k, 102 ; 1, 115 . Cel l 79/ 80 . 21 ° C. Bar i n c, 10 gm.

t i ons . The monocent r i c pr omet aphase spi ndl e may suppor t

osci l l at i ons 20 t i mes l onger t han t he dur at i on of anaphase .

Osci l l at i ons of Monopol ar - or i ent ed

Chr omosomes

Two st r i ki ng f eat ur es of a monopol ar spi ndl e ar e t he cont i n-

uous chr omosome osci l l at i ons t owar ds and away f r omi t s si ngl e

pol e and i t s t endency f or mi gr at i on t owar ds t he cel l per i pher y .

Osci l l at i ons of monopol ar - or i ent ed chr omosomes may be a

consequence of at t achment t o t he si ngl e pol e. Thi s has been

obser ved not onl y i n t i ssue cul t ur es ( 7, 9, 38, 42, 46) but al so i n

di at oms ( 58) . Osci l l at i ons i n t he newt epi t hel i um occur i n al l

st ages of st andar d mi t osi s i ncl udi ng anaphase, wher e t hey have

been known f or a l ong t i me ( 14) al t hough sel dom r epor t ed

( 45) . The st r i ki ng f eat ur e of osci l l at i ons i n pr omet aphase i s

t hat whi l e t he aver age di st ance f r om t he pol e cor r esponds t o

t hat i n ear l y or mi d- anaphase, some chr omosomes may t em-

por ar i l y move even cl oser t o t he pol e t han at t he end of

anaphase, t hough t hey wi l l soon move away f r om t he pol e t o
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FI GURE 14 Osci l l at i ons of chr omosomes i n pr omet aphase ( PM)

and anaphase ( A) . The di st ance f r om t he st at i onar y cent er at each

pol e ( appr oxi mat e posi t i on of t he cent r osome at t he st ar t of ana-

phase pl ot t ed agai nst t i me f or t wo nei ghbor i ng chr omosomes) . The

upper and l ower cur ves ar e not f or si st er chr omosomes. El ongat i on

of t he pol es i s not shown on t hi s gr aph . ( I nset ) The di st ance

bet ween t wo si st er chr omosome gr oups pl ot t ed agai nst t i me . Pr o-

met aphase osci l l at i ons show t he same char act er i st i cs as i n anaphase

( t i me 0- 5 and 52- 63) . Chr omosome i n pr omet aphase moves t owar d

t he pol e wher e i t osci l l at es sl i ght l y f or - 5 mi n and t hen r eor i ent s

and mi gr at es back t o t he pl at e. Lower cur ve i n anaphase shows t hat

t her e ar e t r ansi t or y per i ods when nei ghbor i ng chr omosomes move

synchr onousl y . Mi cr ogr aphs of t hi s cel l ar e i n Fi g. 13 . Cel l 79/ 80 .

21° C.

whi ch t hey poi nt . Thus, t he chr omosomal ( ki net ochor e) f i ber

does not i r r ever si bl y di sassembl e dur i ng pr omet aphase. I t s

abi l i t y t o suppor t osci l l at i on vani shes r api dl y, however , dur i ng

t he pr ogr ess of anaphase . The pr esent anal ysi s does not det ect

any basi c di f f er ences bet ween chr omosome osci l l at i ons i n any

st ages of mi t osi s ( Fi g . 15) . The f act t hat t he dur at i on and

ampl i t ude of si ngl e osci l l at i ons gr adual l y decr ease dur i ng an-

aphase i s t o be expect ed, because t he spi ndl e di sassembl es

i r r ever si bl y at t hi s t i me. The di sappear ance of osci l l at i ons i s

especi al l y st r i ki ng dur i ng t he f or mat i on of t he r est i t ut i on nu-

cl eus when t hey decr ease as r api dl y as i n l at er st ages of

st andar d anaphase .

These obser vat i ons r ai se quest i ons concer ni ng chr omosome

t r anspor t and t he r egul at or y f act or s i nf l uenci ng spi ndl e f unc-

t i on . The maj or quest i on i s: Why i nst ead of a si ngl e mi gr at i on

t o t he pol e do monopol ar - or i ent ed chr omosomes osci l l at e i n

al l st ages of mi t osi s? Thi s f undament al quest i on can, at t he

moment , be gi ven onl y ver y specul at i ve answer s i nvol vi ng t he

pr ocess of mi cr ot ubul e nucl eat i on, ki net ochor e act i vi t y, and

t he r egul at i on of an unknown mol ecul ar basi s essent i al t o

chr omosome movement . The di scussi on of t hese poi nt s i s

beyond t he scope of t he pr esent paper , but some aspect s ar e

ment i oned el sewher e ( 6, 7, 8) . The avoi dance of such di scussi on

i s al so pr ompt ed by pr el i mi nar y ef f or t s t o det er mi ne whet her
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" Pul l - push" Mechani sm?

FI GURE 15 Di st r i but i on of osci l l at i ons i n pr omet aphase ( PM) ,

monopol ar spi ndl e ( MSP) and anaphase ( A) . The number of osci l -

l at i ons ( ver t i cal axi s) pl ot t ed as a f unct i on of t he ampl i t ude ( bl ack

bl ocks) and dur at i on ( whi t e bl ocks) . See Fi g . 10 A f or expl anat i on of

ampl i t ude and di r ect i on . Onl y osci l l at i ons wi t h ampl i t ude of 1 Pm

and hi gher wer e measur ed . The number of osci l l at i ons wi t h 1- 1

ampl i t ude i s t he hi ghest , i ndi cat i ng i ncr easi ng number of osci l l a-

t i ons wi t h much l ower ampl i t ude. Ther e i s a sl i ght peak of l onger

osci l l at i ons bot h i n pr omet aphase and i n t he monopol ar spi ndl e,

l ess evi dent i n anaphase. The ampl i t ude and dur at i on of osci l l at i ons

ar e pr act i cal l y t he same i n pr omet aphase and monopol ar spi ndl es

and decr ease i n anaphase . Thi s hi st ogr am was pl ot t ed par t l y f r om

t he measur ement s made di r ect l y on t he gr aphs and par t l y dur i ng

f r ame- by- f r ame f i l m pr oj ect i on . The number s of osci l l at i ons meas-

ur ed wer e as f ol l ows : f or PM, MSP, and A, ampl i t udes 102, 102, and

72, and dur at i ons 107, 121, and 74, r espect i vel y . The measur ement s

of osci l l at i ons i n monopol ar spi ndl e and anaphase wer e done on

cel l s wher e at l east 11 chr omosomes coul d be f ol l owed i n one

chr omosome gr oup .

t her e i s any f unct i onal r el at i on bet ween nei ghbor i ng ki net o-

chor e f i ber s . The dat a pr ovi ded do not pr esent cl ear - cut evi -

dence . One i s l ef t wi t h t he i mpr essi on of a compar at i vel y

r andom di st r i but i on of osci l l at i ons wi t h l ocal i zed domai ns i n

t he spi ndl e i n whi ch osci l l at i ons ar e i n per f ect synchr ony .

These pr el i mi nar y dat a ar e most easi l y expl ai ned by l at er al

associ at i ons ( i nt er act i ons?) bet ween nei ghbor i ng ki net ochor e

f i ber s ( 5, 6) .

Ther e ar e t wo phases i n a si ngl e osci l l at or y mot i on : a

shor t eni ng and an i ncr easi ng of ki net ochor e- t o- pol e di st ance.

EMdat a ( 9, 38, 40) i ndi cat e t hat ki net ochor es ar e connect ed t o

t he pol es by st r ai ght f i ber s t hat end at t he ki net ochor es.

Ther ef or e, dur i ng an osci l l at i on t he ki net ochor e f i ber s bot h
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shor t en and el ongat e . Thi s f act , combi ned wi t h t he absence of

t he cent r al spi ndl e f i ber s f r om t he monocent r i c spi ndl es, el i m-

i nat es t he possi bi l i t y of sl i di ng al ong cent r al spi ndl e f i ber s as

pr oposed f or t he bi pol ar spi ndl e i n gr asshopper mei osi s by

Bi l k ( 12) and, mor e r ecent l y, by Ti ppi t et al . ( 58) . Cent r al
spi ndl e does not exi st , however , ei t her i n spont aneous mono-

cent r i c spi ndl es i n t he newt l ung epi t hel i um descr i bed her e or

i n t hose exper i ment al l y pr oduced i n sea ur chi n eggs by Pawe-

l et z and Mazi a ( 40) and Mazi a et al . ( 33) .

The f act t hat t he ki net ochor e and pr oxi mal r egi ons of t he

chr omosome ar ms ar e of t en st r et ched dur i ng a mi gr at i on t o-

war d a pol e suggest s t hat t he mot i on r esul t s f r om a pul l i ng

act i on by t he chr omosomal f i ber s . The backwar d chr omosome

mot i on i n t he newt monocent r i c spi ndl e does not r esul t i n

ki net ochor e def or mat i on . The bendi ng of chr omosome ar ms,

however , i s t aken as evi dence of " pushi ng" by t he chr omosomal

f i ber s . I t r epr esent s one of t he f ew cl ear exampl es of such

act i vi t y obser ved i n l i vi ng cel l s . ' Such bendi ng of chr omosome

ar ms has al so been r epor t ed by Met z ( 35, 36) i n Sci ar a and by
Scot t ( 56) i n Mi cr omal t hus and expl ai ned by t hese aut hor s as
pushi ng due t o an aut onomous chr omosome mi gr at i on . Si ngl e

movement s i n t he newt l ast t oo l ong and cover di st ances t oo
gr eat t o be expl ai ned by el ast i c def or mat i on of t he spi ndl e
mat r i x ( 44) or t he r ecoi l of t he chr omosomes st r et ched dur i ng
t hei r pol ewar d phase . The possi bi l i t y of t he exi st ence of anot her

ki net ochor e f i ber poi nt i ng away f r om t he pol e, as i n t he cases

descr i bed by Hut h f r om t he dr awi ngs of Bél aï ( 13) , has al so

been excl uded ( 9, 38, 40; J . Mol 6- Baj er and A. S. Baj er ,
manuscr i pt submi t t ed f or publ i cat i on) .

Thi s l eaves t he possi bi l i t y t hat t he el ongat i on of t he mono-
pol ar ki net ochor e f i ber pushes t he chr omosomes. " Pushi ng" by

mi cr ot ubul es ( spi ndl e- f i ber mi cr ot ubul es) has been r epor t ed

dur i ng t he br eaki ng of t he nucl ear envel ope ( 4) and t he f or -
mat i on of ki net ochor e f i ber s ( 24) . Schr ader ( 53) r evi ews sever al
exampl es on f i xedmat er i al whi ch ar e best expl ai ned by pushi ng
due t o t he el ongat i on of chr omosomal f i ber s . Exper i ment s on
ast r al spi ndl es ( 10) shi f t t he equi l i br i um bet ween t ubul i n- mi -

cr ot ubul es t owar d di sassembl y, but st i l l per mi t chr omosomal
movement s t owar ds t he pol e . I n t hese exper i ment s, backwar d
movement s cease dur i ng an i ni t i al phase of l ow t emper at ur e
shock i n al l st ages of mi t osi s ; ki net ochor e mi cr ot ubul es st i l l
exi st , whi l e nonki net ochor e mi cr ot ubul es di sassembl e. Con-

ver sel y, a shi f t t owar d assembl y mi ght r esul t i n a " push" of
chr omosomes wi t hi n t he ast r al spi ndl e ( 23, 48) .

Does assembl y, whi ch mi ght r esul t i n backwar d " push, "
occur i n anaphase? The f or mat i on of new mi cr ot ubul es has

been document ed i n anaphase of anast r al spi ndl e of Haeman-
t hus endosper m ( 8 ; J . De Mey et al . Pr oc . Nat l . Acad. Sci .

U. S. A. , Vol . 79, i n pr ess) ; t he i mpor t ance of anaphase
assembl y has been poi nt ed out by Schmi t - Benner and Lamber t
( 52) . I t must be st r essed, however , t hat st r ai ght f or war d evi dence
of t he r el at i on bet ween assembl y and pushi ng by si ngl e ki net -

ochor e f i ber s i n anast r al spi ndl e does not exi st ( see Not e Added

i n Pr oof ) . I f t hese obser vat i ons ( 8, 10, 19, 23, 48) al so appl y t o

anaphase, t hen chr omosome t r anspor t i n al l st ages of mi t osi s

may i nvol ve a " pul l / push" pr i nci pl e i n bot h ast r al and anast r al

mi t osi s of hi gher or gani sms .

The di r ect i on of chr omosome movement s i n t he ast r al spi n-
dl e may be det er mai ned by a subt l e r el at i onshi p bet ween at

l east t hr ee f act or s : t he i nt er act i on bet ween var i ous t ypes of

' Ver y sl ow cont i nuous backwar d movement s have been document ed
by Di et z i n t he mei osi s of cr ane f l y sper mat ocyt es . ( R. Di et z, 1956,
Habi l . Thesi s . Uni ver si t y of Tubi ngen, Ger many) .

spi ndl e f i ber s ( 5) ( ki net ochor e/ nonki net ochor e mi cr ot ubul es) ,

t hei r r at es of assembl y- di sassembl y ( 22, 50) , and t he manner of

ki net ochor e f i ber anchor age . What ever t he mechani smof back-

war d movement may be, t he ki net ochor e f i ber s change l engt h

r epeat edl y f or a l ong t i me dur i ng pr omet aphase/ met aphase

when chr omosomes ar e doubl e chr omat i d and f or a shor t t i me

i n anaphase when chr omosomes ar e si ngl e chr omat i d.
The occasi onal l y obser ved synchr onous osci l l at or y move-

ment of nei ghbor i ng chr omosomes i s consi der ed as evi dence

t hat one chr omosome may i nf l uence t he behavi or of i t s nei gh-

bor . Ther ef or e, each ki net ochor e f i ber may ser ve, t o a var i abl e

ext ent , as a mechani cal suppor t f or t he ot her f i ber s . The
synchr onous mi gr at i on of a ki net ochor e wi t h t he cent r osome

when t her e i s a ver y smal l di st ance bet ween t hem ( 1 i t m) i s

consi der ed as evi dence t hat a ki net ochor e f i ber can be t r an-

si ent l y but f i r ml y anchor ed at t he cent r osomal r egi on i n bot h
pr omet aphase and anaphase .

Aut onomy of t he Hal f - spi ndl e and t he Funct i on
of t he Cent r al Spi ndl e

The aut onomy of hal f - spi ndl es i s most l i kel y anot her i mpor -

t ant and gener al f eat ur e of mi t osi s t hat has gai ned addi t i onal
exper i ment al suppor t t hr ough st udi es on sea ur chi n eggs ( 33,
40, 57) . Regar dl ess of whet her t he mi gr at i on of t he hal f - spi ndl e
i n st andar d anaphase and mi gr at i on of pr omet aphase hal f -
spi ndl e i n anaphasel i ke pr omet aphase ar e anal ogous, t he pr es-

ent dat a demonst r at e t hat t wo si st er pr omet aphase hal f - spi ndl es
wi t h monopol ar - or i ent ed met aphase chr omosomes can mi gr at e
over di st ances l onger t han anaphase separ at i on . Thi s separ a-
t i on occur s wi t hout any mi cr ot ubul es i n t he f al se i nt er zone i n
bot h t he newt ( J . Mol 6- Baj er and A. S. Baj er , manuscr i pt
submi t t ed f or publ i cat i on) and Pt K ( 3, 15) cel l s. I f t hese

obser vat i ons appl y t o ot her st andar d ast r al mi t osi s, t hey r ul e

out an " act i ve" r ol e of t he i nt er zone i n t he spi ndl e el ongat i on

dur i ng st andar d ast r al anaphase, as suggest ed by t he most
r ecent sl i di ng hypot hesi s ( Mar gol i s et al [ 31] ) . On t he cont r ar y,
t he pr esence of mi cr ot ubul es i n t he i nt er zone sl ows down
chr omosome movement s i n Haemant hus endosper m( 37) , newt

( 7) , and Pt K1 ( 25) cel l s .

The mechani sm of ast er mi gr at i on and t he r ol e of ki net o-
chor es ( 2, 29) and cent r i ol es i n t hi s pr ocess ar e unknown and
i nvi t e sever al specul at i ons ( 1, 3, 16) . Ast er mi gr at i on i s wel l -
document ed, e. g . , dur i ng i nsect devel opment ( 51, 61, 62) . The

el ongat i on of t he spi ndl e i n pr omet aphase was descr i bed f or
Pt Ki cel l s ( 46) and cr ane f l y sper mat ocyt es ( 27) and i s pr obabl y
caused by ast er mi gr at i on . Thi s pr ocess i s, however , pot ent i al l y

di sr upt i ve dur i ng pr omet aphase . Anaphasel i ke pr omet aphase
i s a r ar e event and i s pr event ed by t he f or mat i on of bi pol ar
ki net ochor e f i ber s . I t i s evi dent , t her ef or e, t hat , dur i ng st andar d
pr omet aphase, bi pol ar chr omosomal f i ber s f or m t he spi ndl e,

t hat pul l s and, consequent l y, hol ds ast er s t oget her . The exi st -
ence of a cent r al spi ndl e i s wel l - document ed i n sever al l ower
or gani sms ( 21, 26) but , as st r essed by Mazi a ( 32) , an equi val ent
st r uct ur e has not been demonst r at ed i n ast r al mi t osi s and i s
not needed t o expl ai n t he st andar d mi t ot i c event s .
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assi st ance wi t h t i ssue cul t ur e, and Chr i s Cypher , Dr s . Rol and Di et z,
and Pat r i ci a Har r i s f or st i mul at i ng di scussi ons. My t hanks ar e ext ended
al so t o t he JCB r evi ewer s, par t i cul ar l y Dr . J . R. McI nt osh, whose
const r uct i ve and det ai l ed comment s hel ped t o pr esent t he dat a i n a
mor e cogent f or m. Thanks al so t o Anna- Mar i a Baj er , who hel ped t o
si mpl i f y t he st yl e of t hi s pr esent at i on .
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Rapi d pol ymer i zat i on of pol ar ( nonki net ochor e)

MTs caused by t axol i n anaphase of Haemant hus endosper m ( Baj er

and W16- Baj er , manuscr i pt submi t t ed f or publ i cat i on) of t en r esul t s i n

t he st r et chi ng and br eaki ng of t r ai l i ng chr omosome ar ms . Br oken

f r agment s ar e t r anspor t ed away f r om t he pol e, of t en " r i di ng on t he

t i ps" of el ongat i ng MTs . Thi s pr ovi des di r ect evi dence f or " push" by

r api dl y el ongat i ng MTs i n hi gher pl ant anaphase, under t hese exper i -

ment al condi t i ons .
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